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Abstract: 

The See-Saw mechanism provides a nice way to explain why neutrino masses are 
so much lighter than their charged lepton partners. It also provides a nice way 
to explain baryon asymmetry in our universe via the leptogenesis mechanism. In 
this talk we review leptogenesis and LHC physics in a See-Saw model proposed 
in 1989, now termed the Type III See-Saw model. In this model, SU(2)t triplet 
leptons are introduced with the neutral particles of the triplets playing the role 
of See-Saw. The triplet leptons have charged partners with standard model 
gauge interactions resulting in many new features. The gauge interactions of 
these particles make it easier for leptognesis with low masses, as low as a TeV 
is possible. The gauge interactions also make the production and detection of 
triplet leptons at LHC possible. The See-Saw mechanism and leptogenesis due 
to Type III See-Saw may be tested at LHC. 
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1. See- Saw Mechanism 

The canonical See-Saw mechanism^ refers to the neutrino mass matrix of the form 

r 1 i-c - \ ( m D \ f v L 

2 \rnjj Mr J \v% 

If the eigenvalues of Mr are much larger than those of mo, the light and heavy 
neutrinos mass matrix are given by 

m v w —ttidM^ rrijj, m N « Mr . (1) 

For one generation, the light neutrino mass is m„ w — (mu/M^mD. The sup- 
pression factor mo /Mr makes the light neutrino mass much smaller than the usual 
Dirac mass mu which is of order the charged lepton mass. This is a very nice way to 
explain why light neutrino masses are so much lighter than their charged partners. 



a Presented by Xiao-Gang He. e-mail: hexg@phys.ntu.edu.tw 
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The lightness of neutrino masses in the See-Saw mechanism is related to a large 
scale for Mr. One may ask the question, how large a scale for Mr needs to be to 
produce the light neutrino mass of order not larger than an eV. Let us taking some 
examples of mo to get a feeling about this. 

mn = m e : m Ul = m 2 /Mp , with m Ul = O.leV, Mr ~ 2.5TeV 

m D = to m : m U2 = m 2 /Mr , with m„, = O.leV, Mr ~ 10 8 GeV 

m D = m T : m„ 3 = m 2 T /M R , with m V3 = O.leV, M R ~3x 10 10 GeV. (2) 

If mo is smaller than m e , Mr can be in the O(100GeV) range. If mo is larger than 
m T or m Vi smaller than 0.1 eV, Mr can be of the grand unification scale 10 15 GeV. 

Models with Mr completely fixed in terms of low energy neutrino masses, mixing 
angle and Majorana phases can be constructed such thal!^ 

Mr = mfUpxMsm^UpMNsmf , f = u, d, e. 

This type of relation results in the right-handed neutrino masses as low as a few 
TeV and as high as grand unification scale. 

With low See-Saw scale of order a TeV, it gives the hope of testing See-Saw 
mechanism at the Large Hadron Collider (LHC). For See-Saw scale in the range 
from a few TeV to grand unification scale, it is possible to explain why our universe 
is dominated by matter, the baryon asymmetry problem, through the leptogenesis 
mechanisnP. A lot of things can be said about the See-Saw mechanism! Whether 
one can have low mass See-Saw scale which can be probed at LHC and at the same 
time solve the baryon asymmetry problem depends on the detailed models. 

There are different ways to realize See-Saw mechanism. They can be categorized 
as Type I, Type II and Type III See-Saw mechanisms. The main features of these 
models are: 

Type ffl Introducing singlet right handed neutrinos vr : (1,1,0) under the 
standard model (SM) gauge group, SU(3)c x SU(2)j x {7(l)y. vr does not have 
SM gauge interactions. The terms relevant to neutrino masses are given by, 

£ = LlYdHvr + -V c r M r v r + h.c. , (3) 

where H = (<£+, 0°) T = (</>+, (v+h+iij)/V2) T is the Higgs doublet, and H = ir 2 H*. 
After the Higgs develops VEV, one obtains the neutrino See-Saw mass matrix, 



\ ml Mr * 



where mo = Yu(H) = Yov. 

Type ii^l Introducing a triplet Higgs representation A : (1, 3, 1) which leads to 
neutrino masses through the following terms, 

1 - v 2 
C = -=L c L Y t /\L L , -> 77v = Y t v t , v t = \/2(A) -> — , M A : mass of A. 
V2 Ma 
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Type IlM Introducing triplet lepton representations £ : (1,3,0) to generate 
See-Saw neutrino mass matrix. This model was first proposed in 1989. 

In this type of model, it is possible to have low See-Saw scale of order a TeV 
to realize leptogenesis and may have detectable effects at LHC due to the fact that 
the heavy triplet leptons have gauge interactions. In the following we describe the 
model in more detail. 

The type III See-Saw model consists, in addition to the SM particles, three 
left-handed triplets of leptons with zero hypcrcharge, 



(N°/V2 E+ \ (N 0c /V2 E- 

\ E~ -N°/V2j' V E+c ~N 0c /V2 

The renormalizablc Lagrangian involving £ is given by 

Defining E = E R C + E R , one obtains the Lagrangian 

C = EipE + N^ifiiN^ - EM S E - ^ZV° ^-N^ + h.c)j 

+ g (w+nI^PrE + W+N^^PlE + h.c.) - gW^E^E 



(5) 



- (j>°N° R Y^L + V2aP°EY^l L + <f> + N R Yxl L - V2<f> + v L c Y£ E + h.c. 

One can easily identify the terms related to neutrino masses from the above and 
obtain the mass matrix as 



£ = -(i/£ 7V°) 



Yv T v/2V2\ 



Y^v/2V2 M s /2 J \N° 



VL 



This is the standard See-Saw mass matrix. 

The charged partners in the triplet S mix with the SM charged leptons resulting 
in a mass matrix of the following form 

Diagonalizing the above mass matrices, one can work out the interactions of 
W, Z, 7 and Higgs with heavy and light neutrinos, and also the heavy and light 
charged leptons. Comparing with Type I See-Saw, the heavy triplet leptons have 
gauge interactions. This makes the detection of these particles easier if kinematically 
allowed at colliders, such as at the LHC. The gauge interaction of the heavy particles 
also participate in leptogenesis modifying some properties, comparing with Type I 
See-Saw. We now discuss some of the main results related to leptogenesis and LHC 
physics. 
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2. Leptogenesis with Type III See-Saw 

It is a well known fact that our universe is dominated by matter. If the universe 
started with a symmetric one with equal matter and anti-matter, why our uni- 
verse is dominated by matter is the famous baryon asymmetry problem. Putting 
things into cosmological perspective, if the universe started with a symmetric one, 
at present one would expect that the ratio ns/n-y of baryon and photon num- 
ber densities should be ~ 10~ 20 , and also ns — ng = 0. But observations from 
Big-Bang nucleosynthesis (BBN) and cosmic microwave background (CMB) imply 
(jib — n B)l n i = n B/n.y = (6.15 ± 0.25) x 10 -10 . Baryon number density is much 
larger than expectation, ten orders of magnitude larger than expectation! 

The leptogenesis^ mechanism is the mechanism that transferring lepton number 
violation into baryon number violation. The key of the mechanism is that at high 
enough temperature the baryon number B and lepton number L violating anomalous 
weak gauge boson interaction with fermions, the sphalcron effect, although not 
enough to generated the observed baryon asymmetry it can change net lepton 
number into baryon number and then result in baryon asymmetry. The sphalcraon 
effect violates B and L, but conserves B — L. When sphalcron effect is in effective, 
B + L is washed out, but B — L is preserved. If the washout for B + L is complete, 
for initially non-zero Li, but zero Bi, after the sphalcron effect taken place, the final 
baryon and lepton numbers Bf and Lf will be given by 

Bi - Li = B f - L f , B f + L f = , -> B f = --L.; , L f = -L { . 
In general the washout is not complete, in the SM with one Higgs doublet: Bf = 

_28 j 
79 1Jl ~ 

In order to have leptogenesis to occur, a non-zero lepton number asymmetry 
must be generated and survive the evolution of the universe to convert to baryon 
number asymmetry. For this to happen there are 3 Sakharov conditions^ must be 
satisfied: 1) Lepton number violation; 2) C and CP violation; and 3) Out of thermal 
equilibrium when 1) and 2) are in progress. 

In the See-Saw models, lepton number is violated by the Majorana mass term 
for heavy neutrino N. When a heavy neutrino N decays, it generates lepton number 
asymmetry en if there is CP violation in the interaction. A net lepton number can 
then be generated if the heavy neutrino decays occurred out of thermal equilibrium. 
With the help of the sphaleron effect, one would have at presentP 

- = --Y N "e NV , (7) 

where Y^ q = n eq / s with n e ^ be the density of N at equilibrium, and s be the 
entropy density. r\ is the efficiency factor of surviving washout and producing net 
lepton number during the evolution. It is determined by solving Boltzmann equation 
taking into account processes of lepton number conversing (washout asymmetry) 
and lepton number conserving processes which is model dependent. 
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Fig. 1. New Feynman diagrams needed to consider when solving Boltzman eguation. 



In Type III See-Saw model, lepton number violation is provided by 
— ^Tr[EMsE c + X^Af^E] term in the lagrangian which violated lepton number 
by two units. N° and Ef~ decays produce lepton number asymmetry. 

Lepton number asymmetry e\ by lightest heavy neutrino and its charged part- 
ners is given bj^ 



^ 2 M~ M 3 ■ 



V, 



where 



h = 



AMI 



Im[(AA%] 
|AAt| u |AAt \jj ■ 

M|AMy 



J=2,3 



Mi 



(8) 



|AAt| 



jj 



8tt 



(AMy) 2 



Mf 



Mi - Mf 



Mi 



(1 



8irv 2 ' 
Mi 

4 )l0g(1 



Mf 



(9) 



In the hierarchical limit M2.3 ^> M\ of the heavy leptons, 



£i 



E 



3 M 1 Im[(AA t ) 



2.3 3 



|AAt| n • 

If heavy neutrinos are quasi-degenerate, for AM 2 2 = F 2 , and M3 3> M 12 , 

)?2] -(ln2- 



3 Im[(AAt) 2 
4tt |AAt|n 



!)■ 



In this case it it easy to obtain a large E\ , even as large as of order one. 

To obtain the efficiency factor r\. one needs to solve for Boltzmann equation 
considering relevant processes lepton number violating and conserving ones. In the 
type III See-Saw there are new processes to be considered which are shown in Fig. 
[Tj compared with Type I See-Saw. 

There are some interesting features in the Type III See-Saw model due to the 
fact that the heavy leptons have gauge interactions. These gauge interactions can 
make the heavy lepton easily be in thermal equilibrium with other SM particles at 
high temperature. Y^ q is well determined by counting relativistic particle content 



the model. For Type III See- Saw3 



1T_B 

n 



— = -0.029ei?7. 



(10) 



7 
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Fermion triplet 




Fig. 2. Contour-levels of the efficiency n. Left: without Sommerfeld effect. Right: with Sommer- 
feld effect, mi is defined by eg. (PI). 

At a lower temperature these heavy leptons quickly decouple with others and 
decay out of thermal equilibrium. This makes it easier to have large efficiency fac- 
tor i] compared with Type I See-Saw where the heavy neutrinos have no gauge 
interactions. In Fig. [5] we show the efficiency factor obtained in Rcfs. ^ and^T 

For hierarchical heavy lepton case, in order to reproduce the observed baryon 
asymmetry, the lightest heavy lepton must satisfy Mi > 10 10 GcV. Lcptogenesis 
works in Type III See-Saw. Although satisfactory for leptogencsis, this scenario 
makes the See-Saw scale irrelevant for LHC study ad therefore difficult to test the 
model. However, in the Mi and Mi degenerate case, CP asymmetry e\ can be of 
order one, there is the possibility to allow Mi as low as 1 TeV as can be seen from 
the left figure in Fig. [2] This makes it possible to test leptogenesis in Type III 
See-Saw at LHC. 

It has recently been point out that charged particle annihilation at non- 
rclativistic speed, due to the Coulomb interaction, the cross section is enhanced 
by the Sommerfeld effect. This effect makes washout stronger leading to the need 
of a larger M\ to realize successful leptogenesis. The resulting efficiency factor r\ 
is shown by the figure on the right in Fig. O It can be seen that M\ is raised to 
be larger than a minimal value oP* 1.6 TeV. Whether this is a robust lower bound 
remain to be studied since flavor dependent leptogenesis^ has not been included. 
The inclusion of this may lower the Mi mass somewhat. 

3. Type III See-Saw at LHC 

The LHC is now ready to take data. It has the potential to test many of the models 
beyond the SM. It is a very exciting period for particle physics. The Type III See- 
Saw may also have a chance to be directly tested at LHC by discovering the heavy 
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Fig. 3. Production cross sections (in fb unit) as functions of the heavy triplet masses (in GeV 
unit) for N° E^ (doted curve), E+E^ (dashed curve) and N°E~ (solid curve). 



particles in the triplet leptons. Even more interesting is that in Type III See-Saw 
heavy neutrinos as low as a TeV in mass can explain baryon asymmetry in our 
universe. There is a chance to directly test leptogenesis hypothesis too. 

As far as detection of See-Saw heavy neutrino is concerned, the Type III See-Saw 
has some advantages compared with Type I See-Saw. In Type III See-Saw, besides 
heavy neutral Majorana particle N°, there are also heavy charged particles E^. 
They have gauge interactions and are much easier than the singlet heavy neutrino 
model to be studied at LHC. 

Whether the heavy triplet leptons can be discovered depends on many things. 
First one must consider the production rate of the heavy triplet leptons. The main 
production channels of these heavy particles are 

qq -> Z*/ 7 * -> E+E- , qq' -> W* -> E^TV . (11) 

The calculations are straightforward. The partonic production cross sections, 
summed over initial state colors and over final state polarizations, and averaged 
over initial state polarizations, ari^ 

48tt N c v l rj y ' 



where N c = 3 is the number of colors, j3 = y/1 — &M 2 /s is the N velocity (0 < (3 < 
1) and 

V a = for qq -> iV°^° ; 

V a = ^ + for qq^E+E- ; 

s s - Mg 



92 <^AL 

where gl = T% — s^Qq is the Z coupling of quark q for a = {L, R}. 



v ° = - l T 2 -nk ' for ud -* E+N ° ; ( 13 ) 

s — M W V 2 
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Since the interaction couplings are the known gauge couplings of the SM, the only 
unknowns in the cross sections are the heavy particle masses. We have calculated 
the production cross sections for heavy triplet particle masses up to 2 TeV at LHC 
which arc shown in Fig. [3l We see that the cross sections are not negligibly small. 
It may be able to produce a lot of these particles. 

To be sure that the triplet lcptons are produced, one has to study the decays to 
specify detection signals. The decay modes for the heavy triplet lcptons are mainly 

N -> l±W+ , vZ , uh, 
E ± -> l±Z, vW ± , l^h . 

With these decay modes, one can then decide detection signals. This has been 
discussed in the literature^. P ossib l e signals have been classified according to 
how many usual charged lcptons in the final states. We now list them below^M 

i) 6 charged lcptons 1+1+1+1+1+1+: E+E- -> £+Z£~Z with Z -> l+£~. 

ii) 5 charged lcptons 1+1+PPI+: E+N -> £+Z£+W+ with Z -> i+£~,W -> lv\ 
E+N -> 1+ZvZ with Z -> £+£-. 

hi) 4 charged lcptons 1+1+1+1+: E+N -> l+Zi+W~ with Z -> l+t~, W -> qq' , 

iv) 4 charged lcptons l+l+l~r: E+E- -> £+Z£-Z with ZZ -> t+t-qq/vu; 
E+E- -> £+Z£-H/£+H£-Z with Z -> £+(r,H -> qq; E+E- -> 
i/W+^-Z/^+Zi/W- with Z -> -> B ± iV -> with Z -> 
£+£-,IF-> qq'. 

v) 3 charged lcptons ? ± / ± /T : E+N -> with Z -> qq/vv,W -> iv; 
E+N -> Mf^W^ with iJ -> qq, IF -> .E+Ar -> PW+ with W -> £za 

vi) 2 charged lcptons ? ± / ± : E+A^ -»■ ^Z^+IF" with Z -> qqjvv.W -> qq'; 
E+N ^+iJ£+lF-, with # -> qq,VF -> qq'; E+N -> PlF+^+IF" with VF+ -> 

W~ qq'. 

vii) 2 charged lcptons l+l~jjjj: E+N -> £ + Z£~IF + with -> qqjvv.W -> qq'; 
E+N £+E^IF+ with i? -> qq,VF -> qq'; E+N -> vW+ l~W+ with IUFF -> 
£i/qq'; E+E~ -> £+Z£-Z with Z -> qq/^; E+E~ -> £+ Z £~ H / £+ H £~ Z with 
Z -> qq/W, if -> qq; E+E~ -> i+Hl~H with E/ -> qq. 

viii) 1 charged lepton l+jjjj: E+N -> vW+ l^W^ with IF -> qq'; E+N -> 
1+Z/HvZ/H with Z -> qq'/vv,H -> qq; E+E- -> i'+Z/E^IF- with Z -> 
gq/w, H ^qq,W ^ qq'; E+ E~ -> DW+ t~Z/H with Z -> qq/w, -> qq, IF -> 
qq'. 

Signals from i) and ii) have too small cross sections. They are not good for 
discovery. Signals from iii) and iv) can provide clean measurement of the heavy 
triplet masses. Signals from v) and vi) have excellent final state for the discovery 
with relatively high signal rate and small backgroun cP. Signals from vii) and viii) 
have large cross sections, but large background. 

Combining all signals, it has been showrffH that it is possible to reach heavy 
triplet lepton masses up to of order 300 GeV with integrated luminosity of 30 
/i> _1 . Up to 1.5 TeV can be probed with integrated luminosity of 300 fb- 1 . The 
lower range of leptogenesis in the See-Saw III can be probed. There is hope that 
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lcptogcnesis can be tested at LHC. Since to have low mass leptogenesis, large CP 
violation in heavy neutrino decays are needed, the study of CP violation at LHC 
should be a good test for leptogenesis. 

Of course, one has to be open minded that See-Saw III does not have to do 
all jobs. If nature choose it to do just the See-Saw mechanism job with a mass 
lower than required by leptogenesis, and to be detected at LHC, we are already 
luck enough. 

The E~ in many ways is similar to a 4th generation charged lepton. One can, 
however, distinguish them by looking at the branching ratio for E ± — > l^Z. If it is 
a 4th generation charged lepton, the branching ratio is expected to be much smaller 
than that from the heavy triplet charged lepton. 



4. Conclusions 

There arc different ways the See- Saw mechanism can be realized. The Type III 
See- Saw is a very simple mechanism for light neutrino masses. Compared with 
Type I See-Saw, the heavy neutrinos introduced to do the See-Saw job have their 
charged partners. These particles have SM gauge interactions resulting in many 
interesting new features. In this talk we have reviewed some interesting results 
related to leptogenesis and collider physics at LHC. 

The SM gauge interactions enable the heavy triplet particle to be in thermal 
equilibrium with other SM particle making the initial abundance of the heavy par- 
ticle much more certain to calculate. These gauge interactions drop with tempera- 
ture quickly leading to out of thermal decay of the lightest heavy triplet particle to 
easily produce large enough lepton number violation capable of explaining baryon 
asymmetry via leptogenesis, and the mass of the heavy neutrino can be as low as 
a TeV in the degenerate case. This last possibility also makes it possible to study 
leptogenesis at LHC. 

The production and detection are also much easier than Type I See-Saw due to 
the existence of gauge interactions. Heavy neutrinos and their partners as heavy as 
a TeV can be produced and detected at LHC when the integrated luminosity reach 
300 fb _1 . Up to 300 GcV can be detected with 30fb _1 integrated luminosity. 

It is interesting to study CP violation at LHC since the low mass leptogenesis 
requires a large CP violation in heavy neutrino decays. This may provide a unique 
test for leptogenesis at LHC. 

In this talk, we have not discussed many other interesting features of the Type 
III Sec-Saw. One of these is the flavor changing neutral current (FCNC) interactions 
in lepton sector. The introduction of triplet leptons will induce FCNC at tree level 
for charged lepton interactions, but not for quarks. Study of signals of FCNC in 
lepton sector an d low ene rgy processes may provide useful information to distinguish 
different 

mode lJIlIlIIl 

There are also several studies regarding extended model 
building and other related issue The Type III See-Saw and related models 
should be studied more theoretically to reveal its interesting features, and of course 
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experimentally to decide whether it is relevant to reality. 
Acknowledgments This work was supported in part by NSC and NCTS. 
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